An infrared (CO 2 ) laser micropyrolysis system for analyzing organic matter in rock was developed and applied to a Green River shale sample. A series of n-alkanes (C 8 -C 33 ), isoprenoids (C 18 -C 20 ), triterpenoids (C 27 -C 31 ), and steranes (C 27 -C 29 ), as well as β-carotane (C 40 ), were detected as the main compounds in the laser pyrolysates without serious degradation. These results indicate that infrared laser micropyrolysis is superior to short-wavelength laser micropyrolysis in determining the original molecular composition of organic matter in a rock sample. By comparing the infrared laser pyrolysates with the solvent-extractable organic matter from the shale and the conventional flash pyrolysates of the macromolecules (kerogen) in the rock, we concluded that the infrared laser pyrolysates come from thermal evaporation of solventextractable organic compounds and pyrolytic fragmentation of the macromolecules. Roughly equal amounts of the thermal extracts of bitumen in the sample and the pyrolysis products were produced under the experimental conditions.
An infrared (CO 2 ) laser micropyrolysis system for analyzing organic matter in rock was developed and applied to a Green River shale sample. A series of n-alkanes (C 8 -C 33 ), isoprenoids (C 18 -C 20 ) , triterpenoids (C 27 -C 31 ), and steranes (C 27 -C 29 ), as well as β-carotane (C 40 ), were detected as the main compounds in the laser pyrolysates without serious degradation. These results indicate that infrared laser micropyrolysis is superior to short-wavelength laser micropyrolysis in determining the original molecular composition of organic matter in a rock sample. By comparing the infrared laser pyrolysates with the solvent-extractable organic matter from the shale and the conventional flash pyrolysates of the macromolecules (kerogen) in the rock, we concluded that the infrared laser pyrolysates come from thermal evaporation of solventextractable organic compounds and pyrolytic fragmentation of the macromolecules. Roughly equal amounts of the thermal extracts of bitumen in the sample and the pyrolysis products were produced under the experimental conditions. 1991; Stout, 1993; Greenwood et al., 1996 Greenwood et al., , 1998 ; Ar ion laser: Suzuki, 1996) . However, these products were composed of a large amount of volatile degradation products, and relatively high-molecular-weight molecules such as long n-alkanes, triterpenoids, and steranes were not necessarily preserved under the experimental conditions. The probable reason for these difficulties is that the photon energies used in these studies were too high. Therefore, in attempting to obtain intrinsic molecular information about the organic matter in a rock sample, it is desirable to use a laser with a low photon energy, i.e., a long wavelength, to prevent severe degradation of the organic matter.
Infrared (10.6 µm) laser pyrolysis has not been used for the analysis of organic matter in rock except for an early experiment, which produced only heavily degraded compounds such as CH 4 ,
INTRODUCTION
Organic matter in sedimentary rocks is microscopically heterogeneous. Its chemical composition is related to biological activity, sedimentation, and diagenetic processes. Most methods used for the study of organic matter in rock are associated with bulk sample analyses, which provide only averaged information. They sometimes completely miss microscopically tiny points that may contain geochemically important information.
Laser micropyrolysis is a powerful tool for analyzing organic matter in microscopic portions of rocks (Stout and Hall, 1991; Stout, 1993; Greenwood et al., 1996 Greenwood et al., , 1998 Suzuki, 1996) . Researchers employing Nd:YAG (1.064 µm) and Ar ion (0.514 µm) lasers as power sources have obtained pyrolysis products from microscopic portions of rocks (Nd:YAG laser: Stout and Hall, study, we constructed an instrument for the infrared laser irradiation of organic matter in a rock sample and tested its validity with a shale sample. As a first stage of the development of the analytical method, we applied low-power infrared laser pyrolysis to the organic matter in a rock sample, and investigated whether or not molecular information of the organic matter can be preserved during infrared laser pyrolysis. For interpreting the pyrolysis products, we conducted two additional experiments; solvent extraction and conventional flash pyrolysis of the shale sample, and compared those results with the laser pyrolysates.
EXPERIMENTAL

Sample description
The sample of Green River shale used in this study was from the Piceance Creek Basin (Parachute Creek Member, Colorado, United States). The shale is an Eocene lacustrine sedimentary rock having a total organic carbon (TOC) content of 21.7 wt %. Rock-Eval pyrolysis yielded a T max of 438°C, a hydrocarbon (HC) index of 752.7 mg HC/g TOC, and an oxygen index of 18.78 mg CO 2 /g TOC (Type I kerogen).
Laser pyrolysis
The laser-optical system consisted of an NIIC NC-1100 CO 2 laser (Nippon Infrared Industries Co., Ltd.) for the pyrolysis and an associated optical assembly for focusing the laser beam. The mirror assembly was mounted on an X-Y stage so that the laser beam could be focused anywhere on the surface of the sample. A continuous-wave HeNe laser was used to align the invisible CO 2 laser beam. The extraction-pyrolysis chamber consisted of a stainless steel body containing a sample stage and a funnel for accumulating helium carrier gas. We set the laser beam (spot diameter ~10 mm) to an energy output of 10-90 W. The irradiated targets were powdered (<100 mesh; for optimum pyrolysis) and chip (not polished) samples of the shale. The powdered sample was flatly stuffed into a Pyrex case to a depth of 10 mm, and the chip samples (ca. 30 × 30 mm 2 ) were set with the irra- Pr, pristane; Ph, phytane; P 1 , i n , other isoprenoids; S, steranes; H, pentacyclic triterpenoids; B1, toluene; B2, *, 1, 2, 3, 1, diated surface perpendicular to the laser beam. The output energy and sample type were selected for four pyrolysis conditions (Runs 1-4, Table 1 ). In each run, the duration of irradiation was 60 s. During exposure, the laser beam was moved over the surface of the sample to produce a sufficient quantity of organic molecules for analysis. Helium gas was blown through the chamber interior, and the pyrolysis products were collected in a trap filled with hexane/dichloromethane (7:1, v/v). The laser pyrolysates were subjected to silica gel (deactivated with 1% H 2 O (w/w)) column chromatography to obtain four fractions: an aliphatic hydrocarbon fraction, an aromatic hydrocarbon fraction, an aliphatic ketone and aldehyde fraction, and an aliphatic alcohol fraction. Compounds in each fraction were identified by gas chromatography-mass spectrometry (GC/MS). A Hewlett-Packard 6890 gas chromatograph was interfaced to a Hewlett-Packard 5972 mass-selective detector. The gas chromatograph was equipped with a split/splitless injector and a 30-m-long HP-5MS 5% phenylmethylsiloxane capillary column. The aliphatic hydrocarbon fractions were analyzed with a Hewlett-Packard 5890 gas chromatograph equipped with an on-column injector, a 30-m-long DB-5 fused-silica column, and a flame ionization detector.
Solvent extraction and flash pyrolysis
A powdered sample was extracted twice with benzene/methanol (3:2, v/v) under ultrasonication. The extracts were subjected to silica gel column chromatography to obtain the four fractions by the procedure described above. The subfractions were analyzed by GC/MS.
Powdered samples of the shale and the kerogen (the latter was isolated from the shale by demineralization with hydrofluoric acid/concentrated hydrochloric acid) were analyzed by flash pyrolysis-gas chromatography-mass spectrometry (Py-GC/MS). A vertical microfurnace type pyrolyzer (PY-2010D Double-Shot pyrolyzer, Frontier Lab.) was directly attached to a Hewlett-Packard 6890 gas chromatograph equipped with a split/splitless injector, which was coupled to a Hewlett-Packard 5973A mass-selective detector. The sample was held at room temperature in the pyrolyzer until its transfer to the center of the furnace for pyrolysis, where the equilibrium temperature was set at 600°C.
RESULTS
Pyrolysates and solvent extractables
The laser pyrolysates (LP) predominantly consisted of aliphatic and aromatic hydrocarbons. The aliphatic hydrocarbon fraction was mainly composed of a homologous series of n-alkane/n-alkene doublets, isoprenoids, triterpenoids, steranes, and β-carotane. Figure 1(a) shows the total ion chromatogram of the aliphatic hydrocarbon fraction of the LP obtained in Run 2 (Table 1) . Similar distributions of compounds were obtained for Runs 1, 3, and 4.
Flash pyrolysis of the powdered shale and kerogen samples gave a homologous series of nalkane/n-alkene doublets, isoprenoids, triterpenoids, and steranes as the main compounds (Figs. 1(b) and (c)). The same kinds of molecules were detected in the flash pyrolysates as in the laser pyrolysates, but the relative distribution of n-alkanes in the two types of pyrolysates was different. The gas chromatogram of the solvent extractables of the shale sample showed a homologous series of n-alkanes, isoprenoids, triterpenoids, and steranes as well as β-carotane ( Fig. 1(d) ).
n-Alkane and acyclic isoprenoid distribution
A series of n-alkanes ranging from C 8 to C 33 were detected in all laser pyrolysates. Their distribution had major peaks between C 8 and C 15 , with a maximum at C 9 or C 11 . Above C 15 , the distribution was relatively flat. Figure 2(a) shows the distributions of the longer n-alkanes (>C 13 ) for the four pyrolysis conditions. The C 23 to C 33 n-alkanes showed an odd-even predominance, which was more pronounced for the solvent extracts (Table  1) . Compared to Runs 2-4, Run 1 had a slightly steeper negative trend as carbon number increased.
Isoprenoid hydrocarbons (C 15 , C 16 , C 18 (norpristane), C 19 (pristane), C 20 (phytane), and unsaturated C 19 (prist-1-ene)) were detected in the LP under the four pyrolysis conditions. The prist-1-ene peak is the largest among the series of regular isoprenoids, and the phytane peak is slightly smaller than the prist-1-ene peak in all LP. The pristane/phytane and prist-1-ene/phytane ratios for the LP are listed in Table 1 . The ratios are roughly similar for all runs, indicating that the extraction of the compounds was not dependent on the experimental conditions.
Triterpenoids, steranes, and β-carotane
Triterpenoids (C 27 to C 31 ), steranes (C 27 to C 29 ), and β-carotane were detected in the four LP. A series of triterpenoids was recognized in the m/z 191 mass fragmentogram ( Fig. 3(a) ). From comparison of their retention times and mass spectra, some of the triterpenoids were interpreted as being identical to those detected in the solvent extracts. Corresponding peaks are labeled with the same number in Fig. 3 . Peaks 1 and 6 were interpreted as triterpmonoenes on the basis of published spectra (Philp, 1985) . Underlined peaks in Fig. 3 were interpreted as triterpmonoenes by their molecular ions (Table 2 ). The triterpenoid distributions obtained for the four pyrolysis conditions were almost identical, as exemplified by the gammacerane/17α(H),21β(H)-hopane ratios in the LP (Table 1) . A series of steranes (C 27 to C 29 ) was identified in the m/z 217 mass fragmentogram (Fig. 4(a) ). (Gallegos, 1975; Eglinton and Douglas, 1988; Bishop et al., 1998) and published spectra (Philp, 1985) . Z peaks were interpreted as triterpmonoenes by their molecular ions, although molecular structures were not determined.
The sterane distributions for the four pyrolysis conditions were almost the same, as exemplified by the 20S/(20R + 20S) ratios for 5 α ( H ) , α 1 4 α ( H ) , 1 7 α ( H ) , 2 0 ( R , S ) -2 4 -ethylcholestane in the LP (Table 1) . Unsaturated steroids were not identified in the LP. β-Carotane was identified in all LP by reference to a published mass spectrum (Philp, 1985) . The compound was also identified in the solvent extracts.
Aromatic hydrocarbons
Aromatic hydrocarbons were detected under the four laser pyrolysis conditions. The aromatic hydrocarbon fraction was mainly composed of
Fig. 4. Mass fragmentograms (m/z 217) of steranes obtained from Green River shale: (a) laser pyrolysis (Run 2); (b) flash pyrolysis of bulk sediment; (c) flash pyrolysis of kerogen; (d) solvent extractables (bitumen). ααα: 5α(H),14α(H),17α(H); R, S: configuration at C-22.
alkylbenzenes, indene, alkylindenes, naphthalene, and alkylnaphthalenes (Fig. 5) . C 2 -to C 4 -alkylbenzenes (m/z 104, 120, and 134), C 1 -and C 2 -alkylindenes (m/z 130 and 144), and C 1 -to C 3 -alkylnaphthalenes (m/z 142, 156, and 170) were also identified by their molecular ions. Although the same compounds were detected in the four aromatic factions, the relative distributions of these compounds were slightly different. C 3 -Alkylbenzene was the most abundant for Run 2, whereas indene and naphthalene were the most abundant for the other runs. Additionally, Run 2 gave the high relative peak height for 1,2,3,4-tetrahydro-1,1,6-trimethylnaphthalene. Table 1 I, indene; I 1 to I 2 , N, naphthalene; N 1 to N 3 , *, 1, 2, 3, 1, BP, biphenylene. 
Fig. 5. Total ion chromatograms for (a)-(d) the aromatic hydrocarbon fractions obtained from four laser pyrolysates ((a) Run 1 (see
for run conditions), (b) Run 2, (c) Run 3, (d) Run 4) and (e) the aromatic hydrocarbon fraction of bitumen in the shale. B 2 to B 4 , C 2 -to C
DISCUSSION
Infrared laser pyrolysis as an analytical method
Our results demonstrate the validity of infrared laser pyrolysis for analyzing organic matter. Although the distribution of n-alkanes slightly depends on the laser power, the distributions of the C 19 -C 20 isoprenoids, C 27 -C 31 triterpenoids, and C 27 -C 29 steranes in the LP are similar to those obtained under the four laser pyrolysis conditions, indicating that large molecules are not significantly degraded at the applied power level. The pyrolysis products are not dependent on the physical state of the sample (powder or chip).
Our infrared laser pyrolysis method is superior to short-wavelength laser micropyrolysis in determining the original molecular composition of organic matter in rock. In previous short-wavelength micropyrolysis studies of macerals (Stout, 1993) and oil shale (Greenwood et al., 1996 (Greenwood et al., , 1998 Suzuki, 1996) , large molecules such as long-chain n-alkanes, triterpanes, and steranes were underrepresented in the laser pyrolysates. For example, Greenwood et al. (1998) 
irradiated a Green
River shale sample with a Nd:YAG laser (1.064 µm) and reported that the relative abundance of n-alkanes (up to C 29 ) gradually decreased as the number of carbon atoms in the chain increased and that triterpanes up to C 30 were detected. In contrast, in our infrared laser pyrolysis study, we obtained a relatively flat distribution of n-alkanes (>C 15 ); and long-chain n-alkanes (up to C 33 ), C 27 -C 31 triterpanes, C 27 -C 29 steranes, and β-carotane (C 40 ) were detected without serious degradation. The difference between our results and previous results shows that infrared laser pyrolysis preserves large molecules more efficiently than does short-wavelength laser micropyrolysis, probably because the photon energy of the infrared laser is less efficient at degrading large molecules. To obtain the intrinsic signature of sedimentary organic matter, it is important to detect large molecules. Therefore, infrared laser micropyrolysis is preferable to short-wavelength laser micropyrolysis in analyzing organic matter in rock.
Occurrence of LP
We interpret the LP in terms of the occurrence of the molecules in the rock by comparing their distributions with those in the flash pyrolysates (FP) of kerogen (macromolecules) and the solvent extractables (SE). The interpretation is based on the assumption that the FP of kerogen give us the reference molecules that are produced by the pyrolysis of the macromolecules and that bitumen in the rock evaporates on laser irradiation.
First, we interpret prist-1-ene and some triterpmonoenes (peaks 1, 6, 8, 12 , and 18) as thermal cleavage products of the macromolecules because they were identified in the FP of kerogen but were not detected in the SE. Triterpenoid peaks 11, 14, 19, and 20 in the LP were not detected in the FP of kerogen but were detected in the FP of the powdered bulk sample. These results may indicate that these compounds were produced from the macromolecules in the presence of minerals, which probably catalyzed the pyrolysis reactions.
We interpret the aromatic hydrocarbons in the LP as degradation products of some aromatic moieties in the macromolecules. These compounds were also detected in the FP of kerogen. They are not indicated in the total ion chromatograms, with the exception of a few compounds (Figs. 1(b) and (c)), because most of them are minor products or overlap with peaks of aliphatic hydrocarbons in the total ion chromatograms. Among the aromatic compounds identified in the LP, only 1,2,3,4-tetrahydro-1,1,6-trimethylnaphthalene was detected in the aromatic hydrocarbon fraction of the SE (Fig. 5(e) ).
Second, some of the longer n-alkanes (>C 25 ), pristane/phytane, some triterpenoids (C 30 hopanes and gammacerane), the series of steranes, and β-carotane in the LP may have been evaporated by thermal energy. A marked odd-even predominance of the longer (C 25 -C 32 ) n-alkanes was not found in the FP of kerogen but was detected in the SE (Table 1 ). This result indicates that the longer nalkanes in the LP were vaporized from the bitumen. The relative intensities of pristane and phytane compared to prist-1-ene in the LP were larger than those in the FP of kerogen. In the SE, pristane and phytane were abundant, but prist-1-ene was not detected. These results may indicate that pristane and phytane in the LP were mainly derived by thermal extraction. The differences in the relative intensities of C 30 hopanes and gammacerane in the m/z 191 mass fragmentograms of the LP, FP of kerogen, and SE also suggest thermal extraction (Fig. 3) . The FP of kerogen showed only small peaks in the m/ z 217 mass fragmentogram (Fig. 4(c) ). Steranes were not identified in the FP of kerogen. The relative intensities of the series of steranes in the LP are very similar to those in the SE (Fig. 4) . These results suggest that most of the steranes in the LP were present in the unbound form. β-Carotane in the LP also exists in the unbound form in the rock, because it was detected in the SE but not in the FP of kerogen (Figs. 1(c) and (d) ).
Other compounds in the LP that were detected in both the FP of the kerogen and the SE were interpreted as being derived from degradation of the macromolecules and thermal evaporation of the bitumen. For example, the regular isoprenoids (C 15 , C 16 , and C 18 ) and 1,2,3,4-tetrahydro-1,1,6-trimethylnaphthalene may originate from both sources.
Finally, we estimated the relative contributions of the thermal extracts and pyrolysis products in the LP. Since prist-1-ene is produced by thermal degradation of macromolecules, and pristane and phytane are released by thermal evaporation, the ratio of prist-1-ene to the sum of pristane, phytane, and prist-1-ene in the LP (pristene index) would be roughly proportional to the ratio of the total pyrolysis products to the sum of the pyrolysis and extraction products. The pristene index, given in Table 1 , indicates that, under our experimental conditions, infrared laser pyrolysis produced constant and approximately equal amounts of pyrolysis products and thermal extracts.
CONCLUSIONS
Using a Green River shale sample, we have investigated the validity of infrared laser micropyrolysis for analyzing organic matter in rock. A series of n-alkanes, isoprenoids, triterpenoids, and steranes were detected as major compounds in the laser pyrolysates. Although the distribution of n-alkanes slightly depended on the laser power, the distributions of C 19 -C 20 isoprenoids, triterpenoids, and steranes were similar under four different laser pyrolysis conditions. The distribution of n-alkanes (>C 15 ) was relatively flat, and long-chain n-alkanes (up to C 33 ), C 27 -C 31 triterpenoids, C 27 -C 29 steranes, and β-carotane (C 40 ) were detected in the shale sample without severe degradation. Our results indicate that infrared laser micropyrolysis is superior to shortwavelength laser micropyrolysis in determining the original molecular composition of the organic matter in rock.
The products generated by the laser irradiation of the shale sample were interpreted in terms of two processes: fragmentation of macromolecules in the rock and thermal evaporation of compounds from bitumen in the rock. The relative contributions of the pyrolysis products and thermal extracts to the total laser pyrolysates were approximately equal under our experimental conditions. The pristene index may be useful for evaluating the amounts of the pyrolysis products in other experiments.
